Secondary reactions of primary products of the Fischer-Tropsch synthesis: Part III. the role of butene by Snel, Ruud & Espinoza, Rafael L.
Journal of Molecular Catalysis, 54 (1989) 119 - 130 119 
SECONDARY REACTIONS OF PRIMARY PRODUCTS 
OF THE FISCHER-TROPSCH SYNTHESIS 
PART III. THE ROLE OF BUTENE 
RUUD SNEL 
Universaty of Twente, Faculty of Chemical Technology P.0 Box 217, 7500 AE 
Enschede (The Netherlands) 
and RAFAEL L. ESPINOZA 
Sasol Technology, Process Development, P.O. Box 1, Sasolburg 9570 (South Africa) 
(Received September 8,1988, accepted December 23,1988) 
Summary 
Co-feeding experiments have shown that both branched and linear 
butenes can initiate chain growth, although they are unlikely to propagate 
hydrocarbon synthesis. At low co-feed concentrations, up to cu. 5 mol%, a 
slight increase in overall activity can occur and the rate of methane forma- 
tion is moderately decreased. At higher co-feed concentrations of cu. 10 
mol%, synthesis activity is suppressed and methane formation is inhibited 
more severely. The latter is attributed to surface-hydrogen scavenging and 
site occupancy by butene. No indication of surface-intermediate scavenging 
is found. The probability of chain growth initiated by butene is higher than 
the probability of chain growth initiated by synthesis gas. 
When alkenes are co-fed, the olefin selectivity increases in the order of 
constant concentrations of ethene < propene < butene, until a maximum 
value is reached of about 95%. The reactivity towards hydrogen was found 
to be propene < butene < ethene. 
Introduction 
Secondary reactions of the initial products during the Fischer-Tropsch 
synthesis process have an important influence on the overall product distri- 
bution. Consequently, our research efforts have focused on the occurrence 
of secondary reactions of a variety of initial products. In the first paper in 
this series [ 11, we have given an overview of the relevant literature and, in 
addition, reported on a study of secondary reactions of ethene. In the 
second paper we discussed the role of propene [2]. Propene was found to be 
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capable of re-participation in the synthesis reaction, albeit to a much lesser 
extent than observed with ethene. When present in relatively low concentra- 
tions, propene was found to undergo hydrogenolysis under synthesis condi- 
tions. This reaction was not observed with ethene as a co-feed. The main fis- 
sion product of propene was methane. At higher concentrations no evidence 
of hydrogenolysis was observed. 
In contrast to propene, butene can isomerize. In principle, both skeletal 
and double bond isomerizations of the primary product 1-butene are pos- 
sible in secondary reactions [3]. The isomerization products are in turn also 
capable of secondary reactions. Studies of the reactivity of methylpropene in 
secondary reactions over Ru catalysts have shown [4] that the molecule can 
be mcorporated into the higher hydrocarbon product, but at a rate about 
half that observed with l-butene. Whereas no dimerization of straight chain 
alkenes was observed, substantial dimerization of methylpropene occurred. 
With iron catalysts, CO has been found [5] to insert into 1-butene, as 
evidenced by a five-fold increase in the yield of n-pentanol-1. Initiation of 
hydrocarbon synthesis is also possible, but at a rate much lower than that 
observed with propene [ 61. 
It is well known [ 31 that the rate of hydrogenolysis increases with 
increasing chain length of the molecule. Having established the occurrence of 
hydrogenolysis with propene, there is no need to study this point with 
butene. This communication reports on the various secondary reactions of 
1-butene, with the exception of skeletal isomerization which has been 
reported elsewhere [7] in a much wider context. Points of specific interest 
are the relative reactivity of 1-butene and its isomerization products in the 
Fischer-Tropsch synthesis and other reactions. The transient behaviour 
observed in the presence of large overdoses of butenes yields information 
on secondary reactions of lower products. 
Experimental 
Details of the catalyst and the experimental procedures used in this 
study have been given earlier [ 1, 21. 
Results and discussion 
In presenting the results, use is made of relative units of activity and 
selectivity, the base data relating to experiments in which no co-feed was 
used. The results presented have been calculated on the assumption, as made 
by others [8], that the rate of Ce-production under conditions when co-feed 
was used, was equal to that observed under normal conditions. 
Synthesis activity is expressed as the conversion of single carbon units 
in the carbon monoxide-plus-butene pool to hydrocarbons. Methane selectiv- 
ity is expressed as the mass percentage of methane in the product (corrected 
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for unconverted butene and butane formed by hydrogenation of co-fed 
butene). Olefin selectivity is expressed as the mass percentage of alkenes in 
the Cz-Cs hydrocarbon fraction (corrected for unconverted butene and 
butane formed by hydrogenation of co-fed butene). 
Steady state conditions were reached after -100 ks on stream. The 
product distributions before and after co-feeding were identical. 
Conversion of carbon monoxide to hydrocarbons (before and after co- 
feeding) was -10%. The rate of hydrocarbon synthesis was cu. 7 pmol s-’ 
g cat-‘. 
Transient behaviour with 5 mol% 1-butene addition 
When the feed was changed from pure synthesis gas to butene-contain- 
ing synthesis gas, an immediate drop in both the overall synthesis activity 
and the methane selectivity and an increase in olefin selectivity were 
observed (Fig. 1). The changes are attributed to a disturbance of the steady 
state situation by the suddenly sharply increased butene concentration. 
Similar to the discussion of the decrease in methane concentration, observed 
when co-feeding propene [2], the present results could, in principle, be 
explained by any one or a combination of several different effects. Applica- 
tion of the same criteria as used earlier [2] leads to the conclusion that the 
observed decrease in methane concentration can be largely attributed to the 
inhibition of methane formation by the presence of adsorbed butene. 
rADDlTlON OF 5% I-BUTENE -I 
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Fig. 1. Influence on the catalytic behaviour of co-feeding 5 mol% 1-butene. 
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If butene is adsorbed in large amounts under synthesis conditions, it 
will act as a surface-hydrogen scavenger, as reflected in the observed increase 
in olefm selectivity. The scavenging effect of butene is less pronounced than 
that observed with ethene [l] and slightly more than with propene [2], 
because 38% of the C+pecies in our reaction product was hydrogenated as 
compared to 35% of the &-product when co-feeding ethene or propene 
respectively. A decrease in the concentration of surface-hydrogen will affect 
the product distribution. If we accept a simple chain growth mechanism, 
similar to that proposed m the second paper in this series [2], then hydro- 
carbon synthesis is initiated by the formation of an activated single carbon 
intermediate. This intermediate either follows Anderson-Schulz-Flory 
polymerization kinetics or undergoes a hydrogenation step to produce 
methane. Since hydrogenation is not involved in the desorption of C2+- 
intermediates as alkenes, a sharp decrease in the availability of active surface 
hydrogen is predicted and observed [9] to result in a decrease in the forma- 
tion of methane, without affecting the formation of higher hydrocarbons. A 
similar effect could be in operation in the present case. 
A minor contributing factor is thought to involve participation by 
butene in the hydrocarbon synthesis by reaction with Cl-intermediates 
which are also responsible for methane formation, thereby reducing the 
surface concentration of these intermediates and hence the rate of methane 
formation. Under synthesis conditions without co-feed, the C,-intermediate 
in the proposed synthesis reaction scheme can either undergo hydrogenation 
to form methane, mitiate hydrocarbon synthesis or propagate synthesis by 
reacting with adsorbed butene, growing hydrocarbon chains or itself. If 
butene participates in the synthesis to a large extent, its reaction with the Ci- 
intermediate will largely suppress any of the other reactions involving the 
intermediate, including methane formation. However, butene is unlikely to 
participate in the synthesis to any large extent because of the suppressed 
synthesis activity. Hence C,-intermediate scavenging is not likely to occur 
extensively. 
In conclusion, surface-hydrogen scavenging and site occupancy by 
butene are thought to be responsible for the suppression of methane forma- 
tion and increase in olefin selectivity, while the suppression of overall syn- 
thesis activity is caused by site occupancy alone. 
Transient behaviour with 10 and subsequent 5 mol% 1 -butene additwn 
When the feed was changed from pure synthesis gas to synthesis gas 
containing 10 mol% 1-butene, an immediate increase in olefin selectivity was 
observed (Fig. 2), indicating surface hydrogen scavenging. At the same time a 
drop in the synthesis activity and methane selectivity occur. The rate of 
methane formation decreases considerably and the activity only slightly, the 
decrease being much smaller than that observed with propene addition [2]. 
Both decreases are sustained at this butene concentration, indicating that 
they are not caused by a momentary disturbance of the steady state alone. 
Of the four effects discussed before, several are likely to play a role. 
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Fig. 2. Influence on the catalytic behaviour of co-feeding butenes at concentrations of 5 
and 10 mol%. 
Site occupancy is very likely to occur and additional C1 intermediate 
scavenging is also possible, although the contribution of this effect can only 
be small because of the inhibition of synthesis activity. The main reasons for 
the drop in synthesis activity and even larger drop in methane selectivity is 
therefore thought to be site occupancy by butene and surface hydrogen 
scavenging. 
When the concentration of the co-feed is decreased, no change is 
observed in the level of the olefin selectivity (vide infra), and both the 
synthesis activity and methane selectivity increase to levels normally ob- 
tained at this concentration (Fig. 1). The increase in methane selectivity is, 
however, not proportional to the decrease in butene concentration, as 
observed with propene addition [ 21. A possible reason for this observation is 
that the suppression of methane formation is complemented with some 
butene hydrogenolysis, occurring only at a concentration of 5 mol% butene 
or less. Although not observed when co-feeding propene at the same concen- 
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tration, carbon bond fission could be the reason in the present case, because 
it is known [ 31 to occur much easier in butene than in propene. 
Similar to the observation made when co-feeding propene [2], the 
activity increases immediately to an intermediate level when the butene 
concentration is decreased, followed by a more gradual increase. The imme- 
diate change reflects the immediate change in the competition between 
synthesis gas and butene for adsorption sites. However, site occupancy 
changes more gradually as indicated by the activity behaviour. 
Transient behavzour with addition of 10 and subsequent 5 mol% butene 
mixture 
In order to access the occurrence of secondary reactions of butene 
isomers in the presence of other commonly produced butene isomers, a 
butene mixture of 1-butene, cisS-butene and methylpropene in equimolar 
amounts was used. 
When the mixture was co-fed at a total butene concentration of 10 
mol%, an immediate increase in olefin selectivity was observed, identical to 
that observed when using pure 1-butene as a co-feed (Fig. 2). This observa- 
tion indicates that the co-feed surface presence and surface hydrogen 
scavenging occurring when co-feeding l-butene, is very similar to that taking 
place when co-feeding the butene mixture. 
Synthesis activity decreased on commencement of co-feed in a way 
similar to that observed with other concentrations (Fig. 2) or a different co- 
feed [ 21. Surprisingly, the decrease was only temporary and synthesis activ- 
ity increased rapidly to reach a maximum that was significantly higher than 
the activity level observed in the control experiments. After the maximum 
had been reached, the activity slowly decreased to levels considerably lower 
than those obtained in the control experiments, but higher than those 
obtained with co-feeding 10 mol% propene [2]. 
The results suggest that the co-feed is initially incorporated into the 
growing hydrocarbon chains, but that at the same time there is competition 
between the butenes and synthesis gas for adsorption sites. The result is an 
initial increase in activity but, because of depletion of the surface inter- 
mediates and their subsequent replacement at a much reduced rate, the 
activity slowly decreases again. Intermediate-scavenging is not a new con- 
cept. Eckerdt and Bell [lo] introduced the idea to explain their observations 
on Ru catalysts. In the present case, l.butene is unlikely to be the scavenger, 
since no maximum is observed with this co-feed. Because of its reported 
lower reactivity, methylpropene is even more unlikely to be responsible. If 
intermediate-scavenging was responsible for the initial maximum in synthesis 
activity, it must have been carried out by cis-2-butene. 
Methane suppression was seen, but to a much lesser extent than 
observed with 10 mol% 1-butene. It is very probable that this observation 
can be attributed to differences in surface presence or surface-hydrogen 
scavenging. The only other alternative, that &-intermediate scavenging by l- 
butene is considerably more pronounced than with the isomers, is unlikely 
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in view of the above discussions. It could be argued that differences m sur- 
face presence or surface-hydrogen scavenging should be reflected in a higher 
olefm selectivity, and no such differences are observed. However, the olefin 
selectivity is already at its maximum level (u&e infra), and hence the argu- 
ment does not apply. 
When the feed was changed to synthesis gas containing only 5 mol% 
butene mixture, no change was observed in the olefin selectivity (uide infra), 
but synthesis activity increased in a manner similar to that observed when 
co-feeding 1-butene: 
In contrast to the very large increase in methane selectivity observed 
with l-butene, the methane selectivity obtained with the butene-mixture 
increased to a level having about the average value of those obtained with 0 
and 10 mol% co-feed. No indication of butene hydrogenolysis was observed 
at the co-feed concentrations employed. Similar observations were made 
when co-feeding propene [ 21. 
Chain growth 
When the feed was changed from pure synthesis gas to butene-contain- 
ing synthesis gas, a temporary drop in synthesis activity and chain growth 
probability was observed. The decrease is attributed to a momentary distur- 
bance of the steady state situation. The disturbance disrupts hydrocarbon 
synthesis, and only intermediate shortchain hydrocarbon entities, formed 
on the surface before the disturbance, are responsible for product formation. 
This explains the observed lower growth probability and decreased synthesis 
activity. Apparently synthesis is soon resumed, as indicated by an observed 
increase in growth probability. 
Disruption of the hydrocarbon synthesis is also reflected in the 
Anderson-Schulz-Flory (ASF) product distribution statistics in a similar 
way as observed earlier [2] when co-feeding propene. Immediately after 
changing the feed, ASF statistics were not well adhered to in all cases. The 
value of the growth probability, P, decreased initially considerably, indicat- 
ing severe disruption of synthesis. The decrease was only temporary and 
synthesis was resumed rapidly. Except for the experiment involving 10 mol% 
addition of I-butene, in all other cases the same value was found for P, so it 
seems that the mechanism of chain growth was not affected by co-feeding. It 
can, therefore, be concluded that all butenes (including the isomers) re- 
participate in the synthesis reaction under normal conditions. 
The only exception was observed for the experiment involving 10 mol% 
addition of 1-butene. This alkene is known to be almost twice as reactive in 
incorporation reactions as the branched isomer [4]. It is therefore conceiv- 
able that slight deviations from normal behaviour only become apparent 
with the most reactive isomer at its highest concentration. 
If butene participates in the synthesis, either as an initiator or as a 
propagator, then the product can be divided into two parts: one part is 
formed from synthesis gas only and the other part contains also the products 
from butene. When hydrogenolysis does not occur, butene can only contrib- 
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ute to the C,, hydrocarbon fraction. In that case, the Cg+ hydrocarbon frac- 
tion is predicted and observed (Fig. 3) to follow ASF statistics with a differ- 
ent value for P than does the Ci - C4 fraction, being formed from synthesis 
gas only. Since the building blocks are now not only Ci-species, a change in 
the growth probability is conceivable, but not necessary. In this particular 
case, we find that chains where butene participated in the growth have a 
significantly higher chain growth probability than those where butene did 
not participate. 
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Fig. 3. ASF plot of the product distributions obtained from synthesis gas containing 
various amounts of butenes. Addition of (*) 0% butene, (A) 5% l-butene, (0) 5 or 10% 
butene mixture, (0) 10% 1-butene. 
Olefin selectivity 
When butenes were co-fed at a concentration of 10 mol% a marked 
increase in the olefin selectivity is observed, similar to that observed with 
5 mol% addition of 1-butene. When co-feeding ethene or propene at similar 
concentrations, proportionality was observed in the corresponding levels of 
the olefin selectivity [l, 21. We suggest that with the addition of 5 mol% 
butene a maximum selectivity level is reached, at about 95% (Fig. 4), and 
that about 5% of the hydrocarbons is saturated for another reason than 
secondary hydrogenation. The relative reactivity of the alkenes in secondary 
chain growth can be readily deduced from Fig. 4. Because of its lowest 
reactivity, butene remains the highest surface presence and hence hampers 
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Fig. 4. Influence of the concentration and chain length of co-fed alkenes on the olefin 
selectivity. 
readsorption and subsequent 
possible. 
Secondary hydrogenation 
It has been suggested 
secondary hydrogenation to the highest extent 
[ll, 121 that alkenes are primary synthesis 
products while alkanes are formed by secondary hydrogenation of alkenes. If 
this is correct, there should be a correlation between the fraction of a co-fed 
alkene which is hydrogenated and the fraction of the same alkene, formed 
as a primary product under normal synthesis conditions, which is hydrogen- 
ated. This is indeed the case, as demonstrated in Fig. 5, where the correlation 
is shown between the percentage alkene yield of hydrocarbons having a 
carbon number n m control experiments, and the percentage co-fed alkene 
with carbon number n which is not hydrogenated [ 1,2]. It is therefore very 
likely that paraffins are indeed formed by secondary hydrogenation of 
primarily formed alkenes. 
Influence of butene addition on the yield of CT and C3-products 
We have shown earlier [ 1, 21 that ethene, and to a lesser extent pro- 
pene, can readily initiate synthesis on re-adsorption. We also demonstrated 
[ 21 that ethene re-participates to such an extent in the hydrocarbon synthe- 
sis with iron catalysts, that its yield in the final product is normally lower 
than that predicted by ASF statistics (e.g. Fig. 3). When butene is added in 
0 I 2 3 4 5 
n 
Fig. 5. Correlation between the percentage alkene yield of hydrocarbons having a carbon 
number n m control experiments, and the percentage co-fed alkene with carbon number n 
which is not hydrogenated. 
large quantities to the synthesis gas stream, readsorption of the two smaller 
alkenes is hampered and their yield comes in line with ASF statistics. Figure 
3 shows that this is indeed the case for the C&-product. However, no suppres- 
sion of &-yield was observed under normal conditions, nor were any changes 
noted upon co-feeding. These observations underline once more the large 
difference in reactivity between ethene and propene. 
Implacatwns for the mechanism 
The discussions of mechanistic aspects disregard the formation of 
different carbide species, known to occur on iron catalysts. It is realized 
that this is a simplification and that the different carbide species could 
also contribute to methane formation. However, secondary reactions in 
Fischer-Tropsch synthesis entail a very complicated network of reactions 
and some form of simplification is needed in a first approach. 
Adsorbed butenes may fragment on the surface. We have found no 
evidence for such fragmentation, but it cannot be excluded. Butene frag- 
ments could contribute to the formation of olefins as well as paraffins. Our 
results suggest that fragmentation is not likely to play a role, but more 
detailed studies involving labeled butene are needed to resolve this question. 
In agreement with findings by Nijs and Jacobs [4] with Ru catalysts, 
we observed several indications of the occurrence of a main synthetic route 
by ‘end-to-end attachment’. There was an increase in the relative yield of 3- 
hexene when co-feeding l-butene, and a significant increase in branched 
products when the methylpropene-containing mixture was used as co-feed. 
However, if ‘end-to-end attachment’ is a major contributing factor, the 
assumption decisive in ASF statistics, that the propagation rate constant is 
129 
independent of the chain length, would no longer be valid. Since the 
observed results support the ASF model, ‘end-to-end attachment’ is not 
likely to play a significant role. 
Several reports [3, 11, 131 indicate initiation by alkenes at low alkene 
concentrations and additional propagation at higher concentrations. Our 
results indicate initiation by butene, even under severe competition condi- 
tions, but no evidence of propagation was found. We observed the same 
behaviour with ethene [l] and propene [2], and similar observations were 
made by Kibby et al. [ 141 for Ru catalysts. We therefore support the mech- 
anistic model of Novak et al. [ 151, which describes alkene readsorption and 
chain initiation but excludes propagation by insertion into growing chains. 
Conclusions 
The results obtained from this study show that both branched and 
linear butenes can initiate chain growth, but no evidence for propagation was 
found. Under conditions similar to normal synthesis practice, a slight 
increase in activity results and the rate of methane formation is moderately 
decreased. The growth probability of chains initiated by butene is higher 
than those that were initiated by CO. 
Methane suppression is observed and attributed to surface-hydrogen 
scavenging and site occupancy by butene. No indication of surface-inter- 
mediate scavenging is found. 
The olefin selectivity increases when alkenes are co-fed in the order of 
constant concentrations of ethene < propene < butene, until a maximum 
value is reached of -95%. The reactivity towards hydrogen was found to be 
propene < butene < ethene. 
A mechanism in which alkene readsorption and chain initiation is 
allowed, but not alkene propagation (e.g. such as proposed by Novak et al. 
[ 15]), is explanatory of our results. The results presented in this paper are 
insufficient for detailed mechanistic considerations, but certainly warrant 
further studies. 
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